ABSTRACT
Introduction
The measured hourly values of solar radiation data are not available for large number of stations. Thus, accurate estimation of hourly values of global and diffused solar radiation data is essential for the design and performance evaluation of solar energy systems. The hourly solar radiation can be estimated using Gueymard [2] daily integration approach. It requires measured value of daily solar radiation, which is not available for most of the locations. This can be estimated by using sunshine hour data or temperature data. A model has been developed based on latitude and altitude of a location to estimate monthly average global solar radiation using sunshine hour and temperature data (Chandel et al. [1] ). The values of solar radiation obtained using this model are used to estimate hourly solar radiation following Gueymard [2] daily integration approach. In order to verify the accuracy of the results obtained, the hourly solar radiation is also estimated from the measured daily solar radiation data for Delhi.
This method is first used to predict hourly global solar radiation for Delhi [Latitude 28.58˚N, Longitude 77.2˚E, altitude 216 m (amsl)] for which 10-15 years measured data are available. Establishing the accuracy, the model is then used to calculate the values for location like Shimla [Latitude (31.1˚N), Longitude (77.1˚E) and altitude of 2002 m (amsl)] for which the measured data are not available.
The hourly diffuse solar radiation for Delhi has also been calculated using correlation given by Orgill and Hollands [3] with modified value of regression coefficient 'c' in Section III. The total hourly value of solar radiation on inclined south surfaces and vertical surfaces at different orientations has been estimated for Delhi in Section IV. The relation given by Klein [4] does not predict accurate results on north orientation, which is modified particularly for the months with negative declination. 
where ω is +ve for morning and -ve for evening .The extra terrestrial radiation hourly/daily ratio is given as [Whillier [5] , Liu and Jordan [6] 
are dependent on both K t and ω s . Here K t is the ratio of irradiation measured at the earth surface to that calculated at the top of the atmosphere. In present calculation a 2 is calculated using 0.28116 in Equation (13), which gives maximum value of a 2 in comparison to 0.054. In present study the values of K t has been used suggested by Gueymard [2] i.e. 0.610. The mean hourly global solar radiation for Delhi [Table 1] has been calculated using Equations (9) and (11) with measured values of daily solar radiation, which reveals that the estimated values are close to the measured values for the period 1967-1978 [Mani [7] ]. The mean hourly global solar radiation for Delhi [ Table 2 ] has also been calculated using Equations (9) and (11) with estimated values of daily solar radiation using Chandel et al. [1] model, which reveals that the estimated values are close to the measured values except for the month of July and August. The percentage variation in the estimation of hourly values of solar radiation using measured daily values and predicted values by Chandel et al. [1] with measured values of hourly values of solar radiation has been presented in Table 3 . This table reveals that predicted values by can be used for the estimation of hourly values of solar radiation except for the months of July and August where the percentage error is high. The model is used to calculate the hourly values for Shimla, which are presented in Table 4 .
Hourly Diffuse Solar Radiation
The estimation of hourly diffuse solar radiation is essential to calculate the direct radiation from the total solar radiation. A number of methods have been used to determine the hourly diffuse solar radiation. Liu and Jordan [6] developed a method to calculate mean hourly diffuse radiation from mean daily totals, which gives results with reasonably accuracy. Orgill and Hollands [3] have used the data from Canadian stations to correlate the diffuse hourly Solar radiation D h and total solar radiation G h with the hourly clearness index, k T [ratio of the hourly global radiation to the hourly extra terrestrial radiation]. Following this approach, the equation for the correlation is written as
The hourly G oh on a horizontal surface has been calculated using the relation Duffie & Beckman [8] ( ) The hourly diffuse solar radiation values for Delhi are given in Table 5 which reveals that the estimated values are close to the measured values Mani [7] . This method has been used to estimate the hourly diffuse values for Shimla ( Table 6 ).
Total Hourly Radiation on Inclined Surfaces
The values of hourly total solar radiation at tilted surfaces are required for assessing the thermal performance of solar collectors; in solar passive heating and cooling of buildings as these systems/collectors are to be installed at inclined angles for maximum efficiency. Generally, radiation stations measure the solar radiation data on a horizontal surface so it is important to estimate the solar radiation at inclined surfaces for which global radiation tilt factor has to be calculated. Klein [4] developed a method to calculate tilt factors using an isotropic model for computing diffuse sky radiation, following Liu & Jordan [6] , which was applicable only for true south. Robinson [9] and Revfeim [10] proposed models, which assume a part of sky radiation to be direct radiation and the remaining part as isotropic. In the present case we have used the model of Klein [4] to calculate tilt factor for surfaces of various surface azimuth angles. The hourly total radiation on tilted surface G Th is given as
where r is global radiation tilt factor and is given by The hourly tilt factor for Delhi on south facing surface has been estimated and presented in Table 7 which is in close agreement with the values given by Mani [7] . The solar radiation values for different orientations for the typical summer month May and winter month December have been calculated and are given in Tables 8 and 9 .
The estimated values are close to the measured values. However, Tables 8 and 9 reveal that for west orientation the estimated values in the morning are negative whereas for east orientation the evening values are negative, these values are taken to be zero. Using this method total hourly solar radiation on south, east, west and north tilted surface for Shimla are presented in Tables .910 E) cities of India using isotropic and anisotropic models [11] . The total solar radiation incident on a tilted surface facing south Ht with different tilt angles is then calculated using both Liu and Jordan isotropic model and Klucher's anisotropic model [12] . 
Conclusions
The mean hourly global solar radiation has been estimated using daily integration approach by Gueymard [2] for Delhi, which accurately predicts the monthly average hourly global solar radiation using model [1] . The hourly diffuse solar radiation has been calculated by improving the method of Orgill and Hollands [3] , which gives good fit. The tilt factor for south surfaces has been calculated using method of Klein [4] and hourly total solar radiation on the inclined south surfaces for Delhi and Shimla has been calculated. The values of tilt factor are found to be close to the values given by Mani [7] except for early morning and late evening. The method presented can be used to calculate hourly global, diffuse solar radiation for horizontal surfaces and total solar radiation on inclined & vertical surfaces at different orientations with greater accuracy for any location. 
